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ABSTRACT 

In «<etAl cutting process, vlbrntion is on* of th* major 
phenomandn which affects th* surface finish, tool life, and 
quietness of the working environment. Therefore, vibration control 
has always been played an important role in obtaining good 
machining performance. 

In face milling, optimal tooth spacing via spectral 


redistribution criteria 

has been 

used as one 

of 

th* 

method 

for 

vibration control. The 

effect of 

such a 

type 

of 

cutter 

with 

non-uniform pitch on machine tool 

vibration 

is 

studied in 

the 


present work. 

Uhen th* dynamic frequency response of a machine tool work 
-piece system is known, a special purpose cutter can be designed 
to minimise the vibration in th* cutting son* for a particular 
rang* of cutting speed. 

Th* frequency response spectrum of th* machine tool is found 
out analytically using finite element program. Th* structure of 
the machine is idealised with beam elements and the mass of the 
machine is lumped appropriately at different nodes. Th* spacing 
between the teeth is found out by minimising the total power of 
the relative cutter work-piece vibration. 

Th* newly designed cutter is fabricated and tested 
experimentally to find out its effectiveness when compared with 
standard cutter with evenly spaced inserts. 



CHAPTER 1 


INTRODUCTION^ 


1.1 INTRCXDUCTICM 

Pac* btilng a.proc«aa with a ralativaly high rata o£ 

Matal raaoval, ia ona of tha moat widaly uaad aachlnlng procaaaaa. 
In Machining proc«M»aa, vibration ia a major phanoaianon which 
af facta tha aurfaca finiah and tha tool Ufa. Tharafora vibration 
control haa playad a aajor rola in obtaining good Machining 
parforManca. 

In faca Milling oparationa, two factor#, naMaly cutting forca 
and chattar, cauaaa tha cutting ayataM to vibrata. Cutting forcaa 
alwaya raault in f oread vlbrationa and chattar, a kind of aalf 
axcitad vibration, occur# undar cartain condition#, uaually at 
haavy cut# . 

Vibration problana in faca Milling ara uaually daalt with 
thraa ganaral approach##. 

1. Daaigning a Mora rigid Hachlna-tool-Fixtura- 

workplaca #y#taM ( NTPU ). 

2. Salaction of propar cutting condition#. 

3. Daaigning cuttar# for optiaal tooth apacing. 

Tha af factivanaaa of thaaa approach## dapand on a hoat of 
factor#. In many caaa# Machina tool and fixtura alraady axiat. 
Al«o, thara nay ba a difficulty in aatting tha cutting condition# 
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At the optiAua Il*nc«, d««Ands for hi&h productivity «usg:e«t 

that th« aanlpulation of tooth apaclnfi aay bo a uaoful approach to 
th« auppraaalon of vibrations. 

Basically, two critaria havs bs*n usad in finding out tha 
optiaal tooth spacing. 

1. stability critarion, and 

2. forca spactral radistribution critarion. 

Tha stability critarion usas unavan spacing to disturb tha 
raganaration affact and obtain tha aaxlaua systaa stability .Tha 
variabla spacing anployad is ganarally sosa fixad pattarn, for 
axaapla , linaar variation of tha pitch or a rapaating pattarn of 
two diffarant pitchas.Tha critarion of spactral distribution usas 
unavan spacing to radistributa tha fraquancy cosponants in tha 
cutting forca signals to avoid tha systaa froa axciting at tha 
natural fraquancias.Tha aia of tha prasant work is to dasign a 
cut tar of odd nuabar of taath with optiaua blada spacing so that 
tha forcad vibration in a faca ailling oparation is ainiaixad. 


1.2 REVIEW OF LITERATURE 

Jan Slavicak [i] has raportad soaa favourabla af facts of tha 
irragular pitch of ailling cuttar taath on tha stability of tha 
cutting proeass. This affact is causad by tha influanca of spaad, 
chattar-fraquancy and tooth pitch on tha raganaration of chattar. 
Ha has basad his study on tha thaory of chattar davalopad by 
Tlusty and Polacak (2). Bowavar, tha study was linitad to ’pitch 
pariods* of tha two cutting adgas, tharaby nacassitating a pitch 
ratio for aach conbination of cutting spaad and natural fraquancy. 
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V&nhttrck {3) haa d«aonstral: •<! that by Incraaalng tha nuttba* 
of cutting ad^aa in ona ’pitch pariod', a atability-6<^in can b 
achiavad ovar a larga cutting apaad ranga. Through ainulation oi 
tha actual conditiona on a conputar, ha haa aatabliahad that by a 
auitabla aalaction of 'pitch ratio* and 'pitch pariod’ , an 
incraaaad atability can ba aaintainad ovar a wida ranga of cutting 
apaada and natural fraquanciaa. 

Sudhaandra and Shanbouga [4) hava raportad a coaparativa 
atudy of tha af f activanaaa of unaqually apacad cuttara with 
liii**^*‘~PlTch-avolution to that of cuttara with aqual pitch, ovar 
diffarant cutting apaada, width of cut and varioua natural 
fraquanciaa. Tha axpariaiantal raaulta indicata that tha 
productivity of tha silling cuttara could ba conaidarably isprovad 
by incorporating an optisus unaqual apacing of taath. It haa alao 
baan raportad that an odd nusbarad taath cuttar givaa a alight 
isprovasant in marginal atability gain ovar tha avan nusbarad 
taath cuttara at cartain fraquanciaa. 

Doolan at.al [5), hava davalopad a sathod to chooaa tha blada 
apacing for a faca silling cuttar that will sinisiaa vibration. 
Thay hava daaignad a apacial purpoaa cuttar which sinlsiaaa tha 
ralativa vibration in tha MTFU ayatas for a particular cutting 
apaad. Bara tha dynamic fraquancy raaponaa of tha MTFU ayatas waa 
known. It waa aaausad that tha tangantial cutting forca of a blada 
can ba approxisatad by an ispulaa.A ayatasatic trail and arror 
sathod uaing gaosatric modulation waa propoaad to avolva a aat of 
blada apacing that would raduca tha vibration. 
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An lsprov«d nodcl for th* cutting procous hn« b*on d«acrlb«d 
by Doolnn, Uu [6]. The nature of the tangential cutting force of a 
blade vaa approximated by a rectangular pulae inataad of an 
impulae, and it vaa experimentally verified. The baigbt of the 
ia 4 >luae ia related to the blade apacing.For an unevenly apaced 
cutter, the feed per teeth, and thereby the tangential cutting 
force ia different on different bladea. Therefore a model vaa 
built to deacribe the variation of the cutting force with feed. 
The developed model for cutting force ia a function of feed, depth 
of cut and apeed. But hare, it haa been atated that the cutting 
apeed haa not much Influence on the cutting force. Ifinlmiaation of 
vibration aa a function of blade apaclng haa been obtained by 
acana of a non linear regreaaion routine and a random aearch 
procedure. 

In practice, there may be aituationa vhere all the operating 
conditiona are not knovn and the MTUF frequency reaponae ia 
unknovn. Thia vaa taken care of by Uu at. al. [7] while deaigning 
a multipurpoae cutter. It haa been reported that thia new method 
effectively controla the vibration levela under all operating 
conditiona. 

Fu et. al. tSJ, haa developed a 'mechaniatic * model for the 
prediction of the forcea in an MTFU ayatem. Thia model predicta 
the force ayatem in face milling over a range of cutting 
conditiona, different cutter geometriea, work piecea and 
proceaaea, including different poaitiona of the cutter with 
reapect to the work piece. 


A new approach, baaed on minimum vibration that conaidera 
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both stability and forced vibration aiaiultaneoualy, was davalopad 
by Kapoor at.al [9]. They developed the new criteria through a 
non-linear optinisation Method in the dynamic force model. The 
model was of a 'closed loop' type which consisted of a cutting 
process, strutural dynamics and a feed back mechanism. Chatter and 
forced vibrations were analysed from the vibration contour 
maps. It has been reported that optimal spacing as determined by 
the vibration criteria not only increases the system robustness 
against chatter, but also minimises the forced vibration at a 
prespecified set of cutting conditions. 

Various finite element techniques are used to get the 
frequency response spectrum, since the experimental 
techniques available are time consuming and expensive. By using 
the 'classical beam theory ', Naltback [10] calculated the natural 
frequencies and mode shapes of a radial drilling machine 
structure. Taylor and Tobias [11] studied the application of the 
finite element technique to represent the structural parts of a 
radial drilling machine arm and a lathe. Static and dynamic 
analysis of a planing machine was done by Taylor ( 12]. The lumped 
parametric method was used in the above two works to generate the 
Mass matrix. By idealising the structure with frame elements, 
Cowley and Fawcett [13] analysed a piano-milling machine to 
determine the static deflections, natural frequencies and mode 
shapes. Kainth and Noorthy [14] also used the lumped parametric 
method to predict the static deflections, natural frequencies and 
the mode shapes of the arm of a radial drilling machine. 


In order to predict the static and dynamic characteristics of 
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a Machine tool structure accurately and 

consistently , 

the 

structure has to be 

represented 

by 

a suitable 

nodel . 

The 

nodel 

nust also be ainple 

enough fron 

A 

conputational point 

of 

view. 


Kao, S.S and Roddy, C.P. [IB] Idoalisod th« Milling s&chino 
fliodol with triangular plat* olanonta and franc clcncnta. The 
Model developed haa been found to be an efficient one. The franc 
elenenta were uaed to nodel the riba of the overarn, the overarn 
joint with the colunn, the arbor and the arbor aupport. The nain 
nenbera of the colunn, the overarn and table were noddled with 
triangular plate elenenta. 

Kao, S.S. and Ranana, G.V. (16) uaed the finite elenent 
diaplacenent Method to nodel the Machine tool atructurea. They 
have alao conpared their aM>del with the other available nodela. 
Space franc elenenta were uaed here to idealise the colunn and arn 
of a radial drilling Machine. The triangular plate elenenta were 
uaed to idealise the colunn and overarn of the plano-nilling 
Machine, since these nenbera have sufficient thickness and width 
while the apace franc elenenta were used to represent the 
cross-slide. In dynanic analysis, the eigen value problen was 
solved by using the Rayleigh-Rits sub space iteration algorithn, 
which is considered to be one of the nost efficient solution 
techniques. 

Lee et.al. (17) used the standard SAP-IV (structural analysis 
progranne) finite elenent progran to perforn the structural 
analysis. It has an elenent library of struss, bean, plate, shell, 
brick, boundary and pipe elenenta which is adequate for alnost all 
structural nodellinga. After the calculations of stiffness, nass 



And load th* SAP-IV progrAA p«rforaA atAtic AnAlyAia, 

dynAAic r«aponA« AnAlyaia And cottputea tha algan valuaa. 

1.3 OBJECTIVE OF THE Pi^lSEIIT W<*1£ 

Tha lltaratura raviavr ravaala that Many raaaarchara hava 
atudiad tha problaa o£ siniAieing tha vibration during Ailling by 
aithar uaing an odd nuAbar of euttara or unavanly apacing tha 
cutting taath. Tha objactiva of tha praaant work ia to invaatigata 
tha affact of non-uni fora inaart pitch euttara on vibration during 
faca Ailling. A Ailling cuttar ia plannad to daaign and which 
AiniAiaaa tha ralativa vibration batwaan tha cuttar and tha work 
piaca.Tha cuttar uaaa odd nuAbar of taath which ara unavanly 
apacad along tha cuttar pariphary. Tha optiAUA apacing batwaan 
tha euttara ia plannad to datarAina with tha halp of a atandard 
optiAiaation prograA, NAG. (NfctHear/jSAl AlgorithA Group). Aa 
Aantionad aariiar, to avoid a tiaa conauAing axpariAantal 
procadura, tha praaant work utilixaa tha finita alaAant 

tachniquaa uaing tha atandard atructural analyaia programaa. 


SAP-IV, to 

datarAina tha 

natural fraquanciaa 

of tha 

Hachina 

Tool 

Sturctura. 

Purtharaora, 

tha 

cuttar which 

ia 

daaign ad 

and 

fabricatad 

ia plannad to 

ba 

taatad axpariaantally 

to ahow 

ita 

af f activanaaa in raduction 

1 of 

vibration whan 

coaparad with 

tha 


avanly apacad atandard euttara. 

1.4 ORGANIZATION OF THE THESIS 

Chaptar 2 daala with tha finita alaaant aathod uaad to 

datarAina tha fraquancy raaponaa apactruA of tha Ailling aachina. 

Chaptar 3 daacribaa tha thaory uaad to davalop tha cutting 

forca Aodala. Tha thaoritically obtainad vibration apactra of tha 

optiAUA apacing cuttar ara analyaad and coaparad with tha atandard 
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aVAllabl* Avanly «pAC*d t*«th cutt*r. 

ChApt*r 4 d«scrib«« th* *xp*riak«ntAl «*tup U8«d. Th* d«8ign 
details o£ tha nawly davalopad euttar ara also axplainad hara. 

In Chaptar S, tha axpariaantal raaults obtained with tha 
nawly dasienad cuttar and that o£ tha standard cuttar ara 
cosiparad. Tha conclusions and su^gastions for future work ara also 
explained hara. 



CHAPTER 2 


RESPONSE SPECTRUM OF THE MILLING MACHINE 

2.1 HECaESSITY ANALYTICAL METHC»>S: 

Experiaental tachnlquas to find out the frequency 
reaponae of a sachine require expenaive and coaplicated aetupa, 
and therefore analytical aethoda are often reaorted to in 

practice. In the preaent work, a finite eleaent analyaia uaing 
beaa eleaenta haa been carried out to deteraine the natural 

frequenciea of the aachine. The aaaa of the aachine including 
thoae of the inner coaponenta have been luaped at appropriate 
nodea. Natural frequenciea and aode ahapea ao obtained are uaed 
to coapute the frequency reaponae of the aachine. A coaputer 
prograaae waa developed for calculating the reaponae of the 
aachine at the cutterpoint for varioua forcing frequenciea. 

2.2 DETERMINATION OF NATURAL FREQUENCIES OF THE STRUCTURE BY 
FINITE ELENENT METHOD. 

The detaila of the ailling aachine on which the atudy 
waa conducted aa ahown in Figure 2.1. Initially the aachine waa 
idealiaed for finite eleaent atudiea uaing 13 beaa eleaenta aa 

ahown in fig. 2. 2 .The croaa aection of the different parta of the 

aachine la ahown in fig. 2. 5. The Structural Analyaia Prograaae 
( SAP IV ) waa -uaed to analyae the atructure. The aaaa of the 
atructure and thoae of inner coaponenta were appropriately luaped 
at varioua nodea. The natural frequenciea correaponding to 
varioua aodea are given in Table 2.1. The analyaia waa perforaed 
by increaaing the nuaber of eleaenta to 26 ( fig 2.2 ) and then to 
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BO (£ig 2.3) And th« natur*! £r*qu«nci*a obtAin«d corr«Apondlng to 
each «od* are ^ivon in Table 2.2 and 2.3. It waa found that with 
BO eleaents the eigen values converged with reasonable accuracjr 
and hence the natural frequencies obtained with BO eleaents 
have been taken as the natural frequencies of the aachines. The 
eleaents of eigen vector l_for various natural frequencies of the 
aachine corresponding to the cutter point is given in Table 2.4. 


2.3 DETERMINATION OP FREQUENCY RESPONSE SPECTRUM OF THE 
MILLIN6 MACHINE. 

The equation of aotion of the daaped systea is given as 

tM} (9) ♦ £C) (y) ♦ [K] {y> = {P(t)X ...(2.1) 

where, 

(H) : diagonal aass aatrix 
(C) : syaaetric daaping aatrix 
[K] : syaaetric stiffness aatrix 
y : noraal coordinates 

It is known that undaaped linear systeas possess noraal 
aodes. However, it is not necessarily so in the case of daaped 
systeas. The daaped systeas will have noraal aodes, when the daaping 
suitrix is a linear coabination of the stiffness and intertia 
awitrices. A necessary and sufficient condition for a daaped systea 
to possess noraal aodes is that the daaping aatrix be diagonal ised 
by the saae transforaation which uncouples the undaaped systea. 
Introducing the transforaation aatrix 

{y> ■ [^J <*> — (2.2) 

where is the aodal aatrix obtained in the solution of 

undaaped vibrating systeas, and s is the generalised co- ordinates. 
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Subatitutlng th* «qn. 2.2 and Ita derlvativca in to «qn. 2.1 leada 
to 


IWJ {«) + tCJ 1^1 {i) ♦ IK] (^] <i!) - {F(t)). 

. . . (2.3) 

Pranultlpllng th* *qn.2.3 by th* tr&napon** o£ the nodal 
vector yields, 

<^>i CM] t^J {«> + { 4 >)\ fCJ IK] (^] {*> 

{F(t)} ...(2.4) 

It ie noted that the orthogonality property of the nodal 


shapes. 



{^>i (MJ - 0, 


...(2.S) 

{^)i’^tKJ - 0, n ^ 1 


. . .(2.0 

causes all conponents except th* i^^ 

nod* 

in the first and 

third terns of eqn. 2.4 to vanish. A 

sinilar reduction is 

assuned to apply to th* danping tern 

assuned that. 

in 

eqn. 2 . 4 , i . e. , it is 

IC) - 0, 1 ^ n. 


...(2.7) 
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th«n th# co*f£ici*nt o£ th« d&nplng t«ra in «qn 2.4 
will r«duc« to IC] {4>} 

In thia CA«« aqn. 2.4 can b* vrittan a« 

"l*l * ^1*1 * *^1*1 “ ...(2.8) 


or, altarnativaly a« 

*1 * •* “L *I - "l ...(2.9) 

in which caaa 

Mi » (0>i^ tM] (^>^, ...(2.10) 


*fi “ 

T 

<4^>i 

[K] 

<*>^ - . 

. . .(2.11) 

^i * 

T 

{^>i 

(C) 

<*>I “ 

. . .(2.12) 


whar, ia tha natural £raquancy at tha i^^ aioda. 

and a ia tha daapinft ratio at tha i^^ aioda. 

Fi(t) « <F(t)} ...(2.13) 

{^>i ^ [MJ ^ - 1 ...(2.14) 

I£ wa uaa noraaliaad aodal vactor £or traa£oraation, 
will ha a unity i.a., 

M^ « 1 . . .(2.15) 

ao that aqn.2.9 raducaa to 


*1 * *^i“nl*l * "i *1 ' ^1^*^ ...(2.16) 

which ia a aat o£ N uncouplad aquationa (i *>1,2, — ,N) 


Tha anplituda o£ ataady atata raaponaa o£ tha ayataai in tha 
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e«n«rali 0 ttd co-ordinatas In the aiode ia given by 



. . .(2.17) 

Since the dynamic force acta only at the node( node) 

correaponding to the cutter point, the forcer vector P^(t )containa 
only one terai and hence in the equation 2.17 ia given by. 


Pi « Pj . . .( 2 . 18 ) 

where amplitude of the dynamic force acting on the 

cutter. Hence the diaplaceaient of the mode at the cutter-point can 
be obtained aa 



where, la the total number of modea 


.. .(2.1P) 


The reaponae of the machine at the cutter point can be 
obtained from the eqn.2.19. The different valuea correaponding to 
Pjequala to unity la calculated with the help of the computer for 
a range of forcing frequency and the reaulta are plotted In 
flg.2.d. 
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©®(D Represent element no. 


FIG. 2 2 MILLING MACHINE FINITE ELEMENT 
IDEALIZATION -1(13 Element ) 
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FIG. 2-3 MILLING MACHINE FINITE ELEMENT IDEALIZATION 2 
(26 Elements ) 



(29,154 ) 


(29,154) 



(29,125 


(29,106) 
(2 9,96 
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29,40) 
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Elements 8-10(ldeanzationD 
Elements 12 -20 ( " 2) 

Elements 29-39( " 3) 



Elements (11- 13) Idealization 1) 
Elements 21-26( '' 2 } 

Elements 40-50( " 3 ) 


FIG. 2-5 CROSS SECTION OF MILLING MACHINE STRUaURE 



Mod a auabar 

Natural fraquanclaa 


(rad/aac) 

1 

248 

2 

493 

3 

669 

4 

1756 


Tabl* 2.1 Natural £raquanci*a oi th* allling sachina 
atructrua with 13 alaaanta 


Moda auabar 

Natural fraquanclaa 


(rad/aac) 

1 

264 

2 

486 

3 

656 

4 

1746 


Tabla 2.2 Natural £raquanclaa of tha silling aachina 
atructura with 26 baaa alaaanta 


Moda auabar 

Natural fraquanclaa 
(rad/aac) 

1 

251 

2 

463 

3 

642 

4 

1687 

aapx- 

- 


Tabla 2.3 Natural fraquanclaa of tha ailling aachina 
atructura with SO baaa alaaanta. 






20 


Hod* nunbor 

Elanent of aifton vactor 
corraapondinft to cottar 
point (Y-diraction) 

1 

0.09386 

2 

0.25770 

3 

0.06149 

4 

-0.3757B-17 


Tabl« 2-4 El«aent0 o£ *i6env«ctor corrASpondlng to cuttor 
point ror vnrloua nod*# (with 50 olononto) 





Fig. 2.6 R 



CHAPTER 3 


DETERMINATION OF OPTIMUM BLADE SPACING 

3.1 INTRC»l#Cm<»l 

To study th* offoct of non unlforn spscing of tooth 
on vibrstion during; faco nillinfi, two sodols havo boon 
analyaod.ln tho first siodol^ tho tangontial cutting forco is 
approxinatod by as isipulso forco whoro as in tho socond nodol» it 
is approxisiatod by a roctangular pulso. 


3.3 MCNMEHL 1 

A spocial purpoao cuttor is dosignod to nininiso 
tho rolativo vibration botwoon tho cuttor and work pioco for a 
particular cutting spood, whon tho dynanic froquoncy rosponso of 
tho aachino-tool-f ixuro-work pioco (MTFU) systosi is known. Tho 
aiodol approxiaiato tho oxcitation forco duo to impacting blados 
to an ispluso forco. In tho prosont nodol tho tangontial cutting 
forco of tho blado is approxinatod by an iaipulso forco so that tho 
asiplitudo of tho forcing function can bo coaputod using fourior 
sorios analysis. Tho thoory can bo suaaarisod as follows. 

3. 2. 1 ASSimPTIOMSi 

Tho following assuaptions aro aado in dovoloping 

tho thoory. 

1. Tho iapact of oach blado on tho work pioco 

is Instantanoous. 

2. Tho lapoct aaplitudo is tho saao for oach blado and 
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im unc£f«ct*d by ch&n^ea in tha bl&da sp&cins. 

Lat e^, ©j, anglar poaitiona of 

tha bladaa in a cuttar having B nuabar of bladaa.aa ahown in fig- 
3.1. aay arbitrarily ba takan to ba aaro. Tha iapact force of 
tha bladaa on tha work piece aay ba characterised by [raf.5] 

f K t « (2na + ©,)A a * 0,±1,±2,... ^3 jn 

‘(‘Ko tor .11 oth.r t t - *-» 

where, 

K is a constant, and 

A is tha reciprocal of tha angular speed of the 
rotation of tha cuttar; A »60/2«N , M being tha 

spaed of tha cuttar in rpa. 

Tha functin f(t) ia seen to ba periodic with period 

2nA- Tha fouriar series expansion of f(t) is given by 

“ . nt. “ f 1 

^0 " I ®n ^'“iT-J ^ I ""n • -(3.2) 

nal n*l 


where, - . 

1 2nA jjg 

fl„ = J fit)dt = 


. . .(3.3) 


2nA 


0 

1 2nA K 

g . r £(t) Sinf -T- 1 dt y Sin (n©^) 

«A i ^ ^ ^ 


2nA 


. .(3.4) 


2nA 


B-1 


c «- 

a 


ifA 


lit K 

J f(t) Cosf -J-] dt J Com (n©^) 

■' V fiA , _rt 


i»0 


. . .(3.5) 
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Th* pov«r o£ th« forcing function, f(t) at the n^** 

hAr*oiiic of till# cutter @pii€d is glv#fi by 


S 


n 




] 


and the amplitude apectrua ia given by 


. . . ( 3 . 6 ) 


1 / 2 

A,(iWo> ■ V C ®n ^ 


...( 3 . 7 ) 


Knowing the dynaaic frequency reaponae function of 
a particular HTFU ayatea ,the relative vibration between the 
cutter and the work piece can be written aa 


Sj ) « A^(6>) X S^(6>) ...(3.8) 

where, 

S|^(<^) ia the aaplitude of the realative vibration, 

A^(<^) ia the aaplitude apectrua of the exitation force, 

m 

S^(<^) the aaplitude apectrua of the HTFU ayatea. 

The total power correaponding to the reaulting 
relative vibration between the cutter and work piece ia given by 

« 2 

K(d) * 2 Sjj (<i>jjk) ...(3.9) 

k«l 

where , 

ia the fundaaental frequency of the forcing 
function , equal to the rotational apeedof the 
cutter. 

H ia the frequency range beyond which S^(“) i« aaall. 
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The objActivtt la to ainiaice the total power o£ the 
relative vibration 8(6), (Eqn.3.9). More specifically one can 
ainiaiae vibration in either X, Y, Z directions, [ref . fig. 2 . 1 ) , or 
the resulting vibration, or soae function of all the three 
directional vibrations. Considerations in choosing aaong these 
alternatives could include the relative cutting force 
aagnitudes , the relative systea stiffness and the natural 
frequencies of the aachine in the three directions. 

As the tangential dynaaic cutting force in the IfTFU 
systea for study is in the Y-Z plane, the dynaaic response in the 
X direction is ignored. Due to the large stiffness in the Z 
direction the frequency response in the Y direction is aore 
proainent than that of the Z direction. Hence, in this work, the 
the objective is to ainiaise the sua of the vibrations in the Y 
direction. 

Hinlaisation of the vibration power [R(6)) as 
function of the blade spacing gives the optiaua cutter design. The 
non- linear objective function ( R(6) ) is ainiaised by 

utilising the standard subroutine for optiaisation froa the 
library of ]fAG(Ni»<i^7Wal Algorita Group), subject to the following 
constraints on the design variables which arise out of practical 
and geoaetrical considerations. 

1 . Geoaetrical constraints 

0 6 £ 360 degrees. 

2. 6, ^ - e.SS 45 degrees for the first six blades and 

i ▼ I * 

360 ♦ C blade. 



26 


3.Z.& tlES:iGN OP THE CUTTER 

A n«v cutt«r la daelgned according to tha above theory. 
The cutting paraaetera are taken in auch a way that It will 
aatiafy the preacribed conditiona for sachining the choaen 
work-piece with the atandard available cutter . Cutting apeeda 
of 200,240, 315 and 400 rps are aelected for inveatigation.The 
optimization programme ia run at different initial valuea of the 
variable(blade anglea).The number of the Inaerta are choaen aa 
aeven aa per the deaign conatrainta. 

In the analyaia,it haa been aeen that objective function 
ia the loweat at the cutting apeed of 315 rpm. Some typica' 
reaulta , where the valuea of the objective function ia the minimum 
ia given in Table 3.1. The correaponding valuea of the blade 
apacinga are alao given.lt haa been obaerved that here, the final 
valuea of the objective functiona are more or leaa remaina the 
aame.Even though the angular poaitiona are different, the angular 
apacinga are remaina the aame.A repreaentatlve figure which ahowa 
the the different angular poaitiona and the angular apacinga are 
given In fig 3.3. 


3.3 MOOGl. Z 

In thla model the cutting force of a aingle blade la 
approximated by a pulae of duration equal to the duration of cut 
and height of the pulae la determined by the cutting 
conditiona (apeed, feed, and depth of cut). 



3. 3. 1 ASSUMPTICMSi 


The followlne aaau.ptiona ara »ad« in this thaory. 

1) Tha cutting forca la approxlnatad by a ractangular 
pulaa whoaa halght la govarnad by tha blada apacing. 

2) For an unavanly apacad cuttar, tha faad par tooth and 
hanca tha cutting lorca la dlffarant on dllfarant bladaa 

Tha accaptad aodal of tha cutting forca (froa 
axpariaantatlon) la aa followa-[raf . <] 

“ ot ii|Cta 

^ "O *0 ® " . . .C3.10) 

hara a^, a^, ara conatata. 

Tha axparlaantally dataralnad confldanca llalta of the 
different paraaatara ara aa followa. 

0.673 < < 0.817 

0.611 ^ i 0.717 

-0.143 ^ ^ 0.045 

It can be obaarvad that la vary cloaa to aero, which 
Indlcataa that tha cutting apaad haa laaa Influence on tha 
cutting forca compared to other paramatara. Tha total forca due to 
tha cutting forca on tha cutter with 'B* number of teeth la given 
by. 


B-1 

f(t) - E f.(t) 
1«0 ^ 


. . .(3.11) 


where 


th 


f^(t) ie tha force due to tha 1 blade. 


€<t) 


[< 


# 0 

1 1- 




K |( 

0, otharwlae. 


i)fo] * , ^0 * ^ ^ 

• ■ 0 , + 1 , 2 , . 


(2nm * w 6 pA 
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. . . ( 3 . 12 ) 


vh«r« v'jj - anftle At which blad* Ant^ra th« work piece 

- angle at which blade exits the work piece 

- £eed per tooth 

A - reciprocal of the angular speed of the rotation 
of the cutter 
K - is a constant 

The fourier series representation of f(t) is given by 


QD tb 

£(t)*f^+E B^sin(-^)+E c^cos(-Ji) 

n*l n=l 


. . . (3.13) 


. 2nA 




B-1 

£ 

i«0 



^i-i) ^ 


.(3.14) 


1 2nA 


nn 


and. 


B-1 

E 

1*0 ^ 


- «^_j)"4[cos(n Cy. ♦ «i)) - cos(n [F(, + ^^J)] 

- . .(3.15) 


1 2nA 


S5 IV. * ®il> - •*"(“ Ivo ♦ ®ilj] 


...I3.lt) 


Where K» » K(fj,B/2n)“^ 

IK 

The asiplitude of the n harmonic of the spectrum of 


the exitation force is given by 
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2 2 ^ ^ ^ 

A^(na)p) » « (B^ ^ ^ ...( 3 . 17 ) 

If ^C<^) <l*not« th« NTFU frequency response 
function, Then the Mplltude of the reletive vibration between the 
cutter and the work piece is fiiven by 

Sjj(«) « A^(« ) X S^(<^) ...(3.18) 

2 

Then total power of the relative vibration , k(&)s^ Sj^ (*^ 0 ^ 

...(3.19) 

Hininisation of the vibration power [R(^)], which is a 
function the blade spacing gives the optisus cutter design. As 
described in Model 1, the sininization is obtained by non-linear 
siniaization procedure with the help of subroutine in NAG library. 

3.3.2 €3F THE CUTTER 

As per the second aodel the tangential cutting 
force of a blade is also depended on the entrance angle and the 
exit angle. A diagraa showing the blade entrance and blade exit 
angles is given in fig. 3. 2. The theory is developed by using an 
entrance angle of 50 degrees and exit angle of 130 degrees , which 
is close to values used in experiaents.The ainiaizatlon prograaae 
is run at the various cutting speeds ,naaely 200,240,315,400 rp* 
and at various feeds ranging from 0.010 sue/tooth to 0.030sui/ tooth. 
The details of the speed and feed ranges chosen are given below. 

Speed 200 rpn feed 0.010 nn/tooth 

feed 0.015 sus/tooth 
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Sp««d 240 rp» 


Sp««d 315 rp« 


Sp««d 400 rp« 


f««d 0.020 M/tooth 
feed 0.030 mn/tooth 
feed 0.010 im/tooth 
feed 0.015 na/tooth 
feed 0.020 aue/tooth 
feed 0.030 aw/tooth 
feed 0.010 ata/tooth 
feed 0.015 aa/tooth 
feed 0.020 aa/tooth 
feed 0.030 aa/tooth 
feed 0.010 aa/tooth 
feed 0.015 aa/tooth 
feed 0.020 aa/tooth 
feed 0.030 aa/tooth 


The analyaia ahowa that the objective function ia the ainiaua 
correapondinfi to the cutting conditiona of apeed 315 rpa and feed 
0.010 aa/tooth. Table 3.2 ahowa aoae of the typical valuea of 
blade apacinga obtained correaponding to the ainiaua value of the 
objective function. The reaulta obtained reveala that the angular 
apacinga for the optiaua cutter reaaina the aaae aa that of the 
aodel 1. The figure which repreaenta the different angular 
poaitiona are ahown in fig. 3. 4. 


3.4 AMALYSIS OF THE THECRITICAL RESULTS 

Two cutter apacinga were aelected froa the above two 
aodel reaulta correaponding to the loweat valuea of R(d).The 
cutter apacinga aelected for experiaental verlf icatlona are, 
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1. Angular poaitionaC 0 - 45 - 112 - 158 - 225 - 270 - 315 

dagraaa) daalgn 1 -(£lg.3.5.1) 

2. AnsulAt‘ poaitiona ( 0 - 45 - 90 - 135 - 202 - 248 - 293 - 

dagraaaj daaign 2 - (fig. 3. 5. 2) 

Tha vibration apactra obtainad with tha thaoritcal 
analyaia for tha atandard cuttar ara givan in fig 3.4 for aodal 
1, and fig. 3. 10 for nodal 2. Pig 3.7 and fig. 3. 11 giva tha 
thaoritcal vibration apactra of tha avanly apacad cuttar with odd 
nunbar of inaarta(7 inaarta) corraaponding to atodal 1 and nodal 2. 
Tha vibration apactra for tha nawly daaignad cuttara cain ba 
obtainad fron fig 3.8 and Tig. 3. 9 for tha nodal 1 -Pig 3.12 and 
fig 3.13 giva Tha vibration apactrun for tha nawly davalopad 
cuttara for tha nodal 2. 

For conpariaion purpoaa, a tabla haa baan praparad (Tabla 
3.3). It will giva tha parcantaga raduction of tha vibration 
powar with raapact to that of tha avanly apacad aight nunbar of 
inaarta cuttar in diffarant caaaa. It haa baan aaan that a 
raaaonabla parcantaga of raduction in vibration ia obtainad in tha 
two aalactad cuttara. Both tha daaigna giva nora than 50 
parcantaga raduction in tha two nodala. 

A conparitiva tabla for analyaing tha parcantaga 
raduction of tha naxinun anplituda of tha ralatva vibration ia 
ahown in tabla 3.4. It can baan aaan that tha naxinun anplituda of 
tha vibration ia dacraaaad conaidarably in tha two daaignad 


nodala. 



■J2 



FIG. 31 LOCATIONS OF CUTTER BLADES 
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FIG. 3.2 A DIAGRAM SHOWING THE BLADE ENTRANCE 
AND BLADE EXIT ANGLE 
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Blad® angles 


starting 

value 

0.0 

51 . 5 

103.0 

154 . 5 

206.0 

257.5 

309.0 

600.0 

converging 

value 

0.0 

45.0 

90.0 

157.0 

203.0 

270.0 

315.0 

143.0 

starting 

value 

0.0 

50.4 

103.0 

149.0 

212.0 

263.5 

309.4 

3 5 8.0 

converging 

value 

0.0 

45.0 

112.0 

158.0 

225.0 

270.0 

315.0 

132.0 

starting 

value 

0.0 

51.5 

97 . 4 

143.2 

194.8 


303.6 

271.0 

converging 

value 

0.0 

j 

45.0 

90.0 

135.0 

180.0 


293.0 

140.0 

starting 

value 

0.0 

45.8 


137.5 

189.0 

252.0 

297.9 

m 

converging 

value 

! 0.0 

45.0 


135.0 

180.0 

247.0 

293.0 

Bra 


Table 3.1 Suotaary of ainiaization — 7 Blade cutter 
(Speed 315 rpa. Model - 1) 





Blade 

angles 





starting 

value 



103.0 

154.5 

206.0 

257.5 - 

309.0 

322 . 0 

converging 

value 



112.0 

158.0 

203.0 

248.0 

315.0 

210.0 

starting 

value 

0.0 

50.4 

103.0 

149.0 

212.0 

263.5 

309.4 

329.0 

converging 

value 

0.0 

45.0 

90.0 

135.0 

202.0 

248.0 

293.0 

14 2.0 

starting 

value 

0.0 

51.5 

97.4 

143.2 

194.8 

257.8 

303.6 

302.0 

converging 

value 

0.0 

67 . 0 

112.0 

158.0 

203.0 

270.0 

315.0 

210.0 

starting 

value 

■B 

45.8 


137.5 

189.0 

252.0 

297.9 

274.0 

converging 

value 

BEl 

45.0 


135.0 

203.0 

2 48.0 

2 93.0 

212.0 


Table 3.2 - Suaaary of ainiaization — 7 Blade cutter 

(speed 315 rpa, feed 0.010 aa/tooth. MODEL -2) 



















67 
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FIG. 3.5-1 blade LOCAT 



FfG. 3.5.2BLADE LOCATI 



i.<«-oo« 



1.0E-OO6 



8.0E-007 


39 


o 



1.0E-006 



2.0E-010 



frequency (Hz) 
n9.3.10 Vibrrton Sp,ctrurn of Evenbi i 



2.0C-010 



( ujiij ) X X as ‘aanindnv 





l.OE-010 


43 




1.0E-010 
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ti ^ 4 ti <S 


( ujuj ) >1 X ys *3anjLndhv 
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aodel - 1 

aodel - 2 

7 bladea 
evenly apaced 

-100% 

+ 34% 

7 bladea 

un-evenly apaced 

+ 52% 

+ 52% 

7 bladea 

un-evenly apaced 
dealgn -2 

+ 57% 

+56% 


Table 3.3 Percentage reduction o£ the power of the vibration 

apectrua coapared to evenly apaced 8 Inaerta cutt 



aodel - 1 

aodel - 2 

7 bladea 
evenly apaced 

+85% 

+ 27% 

7 bladea 

un-evenly apaced 

+ 91% 

+ 53% 

7 bladea 

un-evenly apaced 
dealgn -2 

+89% 

+ 451: 


Table 3.4 


Percentage reduction of the aaxlaua vibration 
aaplltude coapared to evenly apaced 8 Inaerta cutte: 






















CHAPTER 4 


EXPERIMENTAL SET UP AND PROCEDURE 

Th« a1» o£ th« Axpcrlsent la to coaipar* the effect 
of the deal^ned fton-unlfora apeelng Ineerta cutter with that of 
the etandard cutter available with aiailar fteoaetry. According to 
the theory explained in chapter 3, the non unifora inaerta cutter 
will reduce the relative vibration between the cutter amd the 
workpiece at a certain range of cutting paraaetera. Due to the 
conatrainta of the aachine it aay not be poaaible to aaintain all 
the preacribed conditiona aentioned for the deaigned cutter aa 
auch. Here, an atteapt haa been aade to aatiafy the conditiona to 
the aaxiaua poaaible. 

The atandard cutter available for atudy haa 8 nuaber of 
inaerta which are ervenly apaced (Hake Sanvick-Hodel K 
262 . 2-100-'14) . The cutter uaea carbide tipa aa inaerta. The 
diaaeter of the cutter la 100 aa and the detaila regarding the 
other diaenaiona are given in fig 4.1. 

Aa per the angle apecif ication obtained in dealgn 1 (fig ; 
3.5.1, chapter 3) a cutter haa been fabricated. The aaterial choaen 
for the cutter blank ia high carbon high chroaiua ateel. The 
dlaenaional detaila and drawing of the fabricated cutter are given 
in Fig 4.2. The new cutter ia identical in all diaenaiona to that 
of the atandard cutter except that of the tooth apacing. The 
apare parta uaed (like ahia, ahla acrewa, wedge acrewa etc.) are 
of the aaaie type aa that of the atandard cutter. An overall view 
of the fabricated cutter la given in Fig. 4.4. , 



47 


Since the optlnuei deeigna hea achieved correaponda to a 
particular apeed and feed range (i.e. 315 rpai, 0.010 aa/tooth - 
a«e Chapter 3), experiaenta are planned in auch a way that ita 
range of apeed and feed Includes the value of the optiaua design. 


The 

range 

of 

cutting paraaetera 

chosen are 

given below: 

1. 

Speed 

s 

315 rpa 

depth of 

cut 0.1 aa 


Feed 

as 

30 aa/at 


0.2 aa 




(0.010 aa/tooth) 


0.3 aa 

2. 

Speed 

as 

315 rpa 

Feed 

24 aa/at 


Depth 

Of 

cut 0.2 aa 


30 aa/at 






38 aa/at 

3. 

Feed 

s 

30 aa/at 

Speed 

200 rpa 


Depth 

of 

cut = 0.2 aa 


250 rpa 


I 315 rpa 

The aaterlal of the workpiece ia EN-8 steel. The block (47 ca 
X 30 ca X 11 ca) is fixed rigidly to the table of the ailling 
aachine by aeans of claapa. The scheaatic diagraa of the aet-up 
is shown in Pig. 4. 3. The overall view of the experiaental set up 
ia shown in fig. 4. 5. It was planned to analyse the vibration 
apectrua obtained during aachining with the standard as well as 
the designed cutters by aeans of FFT analysers. But due to the 
unavailability of the equipaent the experiaenta have to be liaited 
to that of the tiae doaain. A vibration pickup and a vibration 
aeter (Model VM - 3314 A) are used for aeaauring the vibration. 
The pickup ia of the electro aagnetic type. The vibration aeter 
can aeasure the dlaplaceaent in the range of 0.01 to 1000 p. The 
vibration pickup la fixed rigidly to the workprlce. 
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Th« «xp«rlai*nt8 w*r« carried out a horizontal aiiling Machine 
(Model HHT- M3U). For analysia purpose the workpiece is divided 
into 9 parts and the vibrations of the cutting zone when the 
cutter passes each part is Measured. The tests were conducted for 
both the standard and the design cutters in identical cutting 
conditions. Since the interest of study is in the Y direction 
(see Fig. 2.1 and Chapter 3) vibration Measurenents were carried 
out in that direction only. The experisental results are give in 


Table B.l. 



4 9 


T-MAX square shoulder facemills 



100 50 14 4 8 - 25 5 33 - 32 27 18 

Indexable inserts 





tofTPKN and 


Tolerances, mm 

Utility 

TPKN 

S = ±0.025 
T = ± 0.013 








51 





107914 





FIG. 4,4 OVERALL VIEW OP THE FABRICATED COTTER 







CHAPTER 5 


EXPERIMENTAL RESULTS AND CONCLUSIONS 

5-1 EXPERIMENTAL RESULTS AND DISCUSSIONS 

A aftries o£ cxperiaients v«re conducted to deteraine th« 
p«r£oraancci o£ the lace allllng cutter fabricated. Experiaents 
were conducted in the various speed and feed ranges as explained 
in Chapter 4 . The aaplitude of the vibration obtained during 
aachining at different positions of the workpiece for the newly 
designed cutter is given in Table B.l. The vibration aaplitude 
for the standard cutter with 6 inserts are given in Table S.2. 

For aaking a coaparative study, the experiaental results are 
plotted at different speeds, feed and depth of cuts as shown in 
Fig. 5.1 - 5.3. Froa the graphs it is clear that the vibration 
aaplitude is always less for the newly designed cutter. To 
analyse the effect of the vibration reductions at different 
cutting conditions, a vibration reduction factor can be defined as 

\ vibration by standard cutter 

Xap. of vibration with <lesignecl cutter 

where, K is the vibration reduction factor. 

A Table has made (table 5.3)which gives the value of K at 
different conditions. It can be seen that the vibration reduction 
factor is Store in the eae when feed is 30 sui/st and depth of cut 
0.2 as, which indicates the effect of thedesignedcuttfr is sore 
predoainent in that cutting conditions- The value of K is fsirly 
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high in thft d60ieftdd cutting conditions, hence it proves the 
effectiveness of the designed cutter in reduction of vibration. 

B.a CC»4CLUSIfMI£: 

A face silling cutter with uneven spacing has been designed 
and fabricated. The newly designed cutter is investigated at 
different cutting conditions to find out the effect of the new 
cutter in reduction of vibration. A standard cutter with evenly 
spaced 8 inserts was used for coaparison. 

It has been proved that the uneven spacing cutters reduces 
the vibration in the cutting zone at a certain range of 
cutting conditions. The reduction is due to redistribution effect 
caused by the uneven iapacts and hence it avoids the systea to 
exite at its natural frequencies. 

S.3 SCOPE FCMi FUTURE WCNRJC 

Analytical expressions for vibration in face ailling is not 
easily obtainable because of the following factors. The aachining 
process is coaplicated due to the nature of aulti-tooth cutting, 
variable chip loading, variable forcing functions direction, 
and varying workpiece geoaetry. Hence a siaulation aodel aay be 
a better and viable approach to the predictions of vibrations 
during aachining. For aaking a siaulation aodel a dynaaic force 
aodel can be developed which will predict the instantaneous 
cutting forces and which also should characterize the structural 
dynaaics. The aodel can include a feed back systea to aake it a 
closed loop one, so that the instantaneous changes cutting 
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parafl«tftra ar* can be taken care of. The natural frequenciea of 
the aiilline machine atructure can be found more accurately if the 
number of elementa increaaed conaiderably and the different typea 
of elementa can be tried for idealization. For experimentally 
analyainft the cutting proceaa a apectrum analyaer with FFT can be 
uaed and the experimenta can be tried at wider range of varioua 
cutting conditiona. 
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Poaltiona 

m 


3 

D 


ID 

D 

ID 

9 

Speed 315 

depth 

of 

cut 0.1 

- 

13 

13 

15 

15 

17 

ra 

18 

25 

25 

feed 30 
mm/ait 

depth 

of 

cut 0.2 

■ mm 

13 

14 

ID 

m 

18 

22 

20 

26 

ID 

depth 

of 

cut 0.3 

mm 

16 

20 

23 



26 

27 

28 

28 

32 

33 

Speed 315 

feed 

24 

mm/mt 


13 

13 

D 

D 

a 

19 

20 

22 

25 

* p* 

depth of 

feed 

30 

mm/mt 


13 

14 

16 

m 

18 

22 

20 

26 

27 

cut 0.2 mm 

f eed 

38 

mm/mt 


15 

20 

23 

25 

26 

27 

' 25 

34 

36 

Feed 30 
mm/mt 
depth of 
cut 0.2 #fn 

speed 

200 rpm 


13 

21 

23 

25 

27 

27 

27 

30 

30 

speed 

250 rpm 


14 

20 

22 

22 

23 

25 

24 

29 

29 


speed 

315 rpm 


13 

Dl 

16 

B 

18 

|Q|j 

20 

26 

27 


Xabltt S.l £xp«riM6ntAl rftsulta : Ab«oltit« vibr&tion (nlcrona) 
obtained at varioua poaltiona ot workpiece. 

(with Deaigned Cutter) 



Positions 

ID 


3 

4 

5 

ID 

ID 

8 

9 

Speed 315 
rpm 

feed 30 

depth of cut 0.1 


13 

16 

20 

20 

22 

22 

18 

32 

32 

depth of cut 0.2 

SUB 

15 

18 

21 

21 

23 

24 

22 

33 

33 


depth of cut 0.3 

mm 

18 

24 

25 

27 

28 

30 

30 

40 

34 

Speed 315 

feed 24 mm/mt 

13 

18 

19 

D 

18 

21 

22 

33 

34 

depth of 

fa.d 30 mm/mt 

15 

18 

21 

21 

23 

24 

22 

33 

33 

cut 0.2 wm 

feed 38 mm/mt 

16 

20 

30 

31 

30 

' 32 

32 

38 

40 1 

Feed 30 
mm/mt 
depth of 
cut 0.2 ftfw 

speed 200 rpm 

16 

26 

29 

29 

30 

32 

33 

38 

38 

speed 250 rpm 

16 

22 

24 

26 

28 

29 

30 

37 

38 


speed 315 rpm 

15 

18 

21 

21 

23 

24 

22 

33 

33 


Table S.2 Experimental reaulta ; Abaolute vibration (mlcrona) 
obtained at various poaltiona of workpiece. 

(with Standard Cutter) 
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FIG. 51 VIBRATIONS SPECTRA ( Position 6) 
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FIG. 5-2 VIBRATION SPECTRA ( Position 7 ) 
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FIO. 5.3 VIBRATION SPECTRA ( Position 8 ) 
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ateasurinfi 

position of 
vibration 

zone 

'feed 30 sue/tooth 

depth of cut 0.2aui 

speed, varies 

speed 315 rpn 

depth of cut 0.2fl« 

feed, varies 

speed 315 rpa 

feed 30 tmf 
tooth 

dep : cut , vari es 

(at position 6) 

O ' 9 


0’36 

(at position 7) 

0*87 

0-8® 

Of 95- 

(at position 8) 

0-77 

0-75 



Tablets* 3 values vibration reduction factor (K) 


at different cutting conditions 
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